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Abstract 
In this paper, a study of laser-arc hybrid welding featuring three different process fibres was conducted to build knowledge about 
process behaviour and discuss potential benefits for improving the weld properties. The welding parameters affect the weld 
geometry considerably, as an example the increase in welding speed usually decreases the penetration and a larger beam diameter 
usually widens the weld. The laser hybrid welding system equipped with process fibres with 200, 300 and 600 μm core diameter 
were used to produce fillet welds. Shipbuilding steel AH36 plates with 8 mm thickness were welded with Hybrid-Laser-Arc-
Welding (HLAW) in inversed T configuration, the effects of the filler wire feed rate and the beam positioning distance from the 
joint plane were investigated. Based on the metallographic cross-sections, the effect of process parameters on the joint geometry 
was studied. Joints with optimized properties (full penetration, soundness, smooth transition from bead to base material) were 
produced with 200 μm and 600 μm process fibres, while fiber with 300 μm core diameter produced welds with unacceptable levels 
of porosity. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Lappeenranta University of Technology (LUT). 
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1. Introduction 
Wide range of welding processes involving laser as one of the energy sources are under active development (Stiles, 
2010). Majority of the welding work in industries dealing with sheet metal joining is still carried out using GMAW 
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(Gas Metal Arc Welding), however switching to laser-arc hybrid welding (HLAW) would bring significant economic 
benefits. HLAW could be suitable for large number of serial production applications where throughput volumes are 
high. In HLAW, the beam and the arc act simultaneously, support each other and in comparison to laser welding 
produce improved gap bridgeability and in comparison to arc welding higher processing speeds, increased quality, less 
distortion and thus less re-work and shorter production times (Kristensen et al., 2009). It provides combination of 
“properties” that usually would be mutually exclusive. Typically, due to laser beam penetration ability and synergy of 
the processes, only one pass is required to form a solid joint. Additionally, the workpieces are subjected to smaller 
heat input, which reduces distortions and the need for post welding corrections, thus saving time and money (Reutzel 
et al., 2008). The reasons of HLAW not being more widespread is that it is seen as a complex process with high number 
of variables involved and expensive initial investment. However, many process parameters can be changed and still a 
sound weld can be deposited, because the quality window of HLAW is significantly larger than that of autogenous 
laser welding (Gumenyuk et al., 2013). 
The areas of applications of structural steel range from assemblies on land, heavy industry vehicles to offshore 
platforms and power plants. The final product is often subjected to both, static and dynamic loading and good 
weldability is essential for safety and long life cycle of the components. Laser and HLAW processes deliver reduced 
amount of heat to the joint and use less, if any, consumables to form a solid connection, therefore having both, 
metallurgical and economic benefits, most notable being the greatly reduced costs on the post-weld straightening and 
correction work (Cao et al., 2011). Both of the processes are very versatile and automatable, which contributes to 
uniformity of the welds produced and high repeatability of the process. 
Autogenous laser welding has had vigilant reception by industry regardless of aforementioned benefits. The small 
amount of adjustable process variables simplify finding the optimal process parameter window. Due to small 
dimensions of the tightly focused laser beam spot on the surface, the factory floor solutions are at times unable to 
comply with extremely precise part positioning requirements, especially when the welds are long and joint gap is 
changing because of metal heat expansion or slight distortions which might occur during the welding (Salminen et al., 
2010). On the other hand, in automotive and other industries where material thickness is small and lap, butt and 
eccentric fillet joints are common, benefits of autogenous process are the greatest. Regardless of relatively simple 
setup and vast savings in material (joint is formed from the workpiece material without additional fillers), low gap 
bridging capacity and small parameter window for acceptable quality welds are seriously hindering wider use of 
autogenous laser welding in production of structures with T-butt and fillet joints, the risk of the beam misalignment 
from the joint being the key problem (Dilthey et al., 1995). 
In HLAW process the energy to form a weld is delivered by two sources acting in synergy. Laser beam is 
responsible for penetration depth and high welding speed, while arc process allows bridging wider gaps, defines the 
shape of the bead (Rayes et al., 2004). GMAW delivers additional heat that slows down the cooling and helps to avoid 
the formation of brittle microstructures. The molten pool near the surface is dominated by the arc process, while in 
autogenous laser welding the molten pool geometry is determining the solidification process, which, in turn, is 
determined by the keyhole mode (Boley et al., 2013). Laser beam stabilizes the arc, and the processing speed is 
significantly higher than in arc or laser welding alone. Additionally, the spray transfer of filler material into melt pool 
is beneficial for mechanical properties of the joint (Ribic et al., 2009). The hardness values in HLAW are lower than 
those seen in autogenous laser welds, typically not exceeding the 350 HV hardness limit set by the standard for 
structural steels. Flexible beam delivery and short wavelength of fiber laser have eliminated for example the difficulty 
of choosing the shielding gas, which is an issue with CO2 laser-arc hybrid welding. The wavelength of the fiber laser 
is not prone to creating plasma and therefore the shielding gas choice is based purely on the arc process specification. 
Study on bead formation in autogenous laser welding of butt and corner joints proposed a matrix flow chart to display 
the geometries and occurring details systematically (Karlsson et al., 2010). Eriksson et al. (2001) have proposed 
guidelines of HLAW with fiber laser, focusing on the GMAW side of the process.  
To date, several studies have discussed the effects of the beam brightness, spot size and energy density on the 
welding performance in autogenous process (Kawahito et al., 2008; Verhaeghe et al., 2005 and Suder et al., 2014). In 
this paper, the influence of filler wire feed rate to HLAW process was identified in order to show its effect on the 
geometrical dimensions of the weld when combined with high power fiber laser welding using three different optical 
setups. 
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2. Materials and methods   
Shipbuilding steel AB AH36 plates were laser cut with a CO2 laser using oxygen as cutting gas to 100 mm × 350 
mm plates, grid blasted with aluminium oxide and cleaned with acetone to remove impurities and grease. The filler 
wire used was 1 mm thick OK Aristorod 12.50, alloyed with manganese and silicon and commonly used for welding 
of structural and shipbuilding steels like AB AH36. The chemical composition of base materials and the filler wire 
are shown in Table 1. 
Table 1. Chemical composition (wt. %) of the AH36 and filler wire OK Aristorod 12.50  
Material C Si Mn P S Cr Mo Ni Cu Al V 
AH36 0.111 0.149 0.711 0.035 0.150 0.051 0.01 0.041 0.031 0.030 0.008 
OK AristoRod 
12.50 
0.06 – 0.14 0.7 – 1.0 1.3 – 1.6 0.025 0.025 0.15 0.15 0.15 0.35 0.02 0.03 
 
The plates were tag welded together prior to welding the 340 mm long weld using laser-arc hybrid process. All of 
the experiments were performed with 10 kW IPG Photonics continuous wave fiber laser emitting 1070 nm wavelength. 
The beam was delivered to workpiece by process fibres with core diameters either 200 μm, 300 μm or 600 μm. The 
mirror optics laser welding head Kugler LK190 was used with a 300 mm focal lens and 125 mm collimation lens. 
Parameters of the laser beam of each process fibre can be seen in Table 2. The experimental setup is shown in Fig. 1. 
Table 2. The IPG YLS-10000 specification for each process fibre  
Fibre diameter 
(μm) 
Output power 
(kW) 
Wavelength 
(nm)  
Rayleigh length 
(mm) 
Divergence angle 
(mrad) 
BPP 
(mm*mrad) 
200 10 1070 10.260 58.228 8.697 
300 10 1070 11.600 59.753 10.354 
600 10 1070 17.715 74.415 24.525 
 
 
Fig. 1. Experimental setup used for laser and laser-arc hybrid welding of T-butt joint, flat welding position. 
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ESAB Aristo LUD 450 with Binzel MAG torch was used as an arc power source, the synergy setting, varying the 
current and voltage based on filler wire feeding rate, was on. For shielding of the surface of the weld from the 
atmosphere a process gas consisting of Ar + 18 CO2 was delivered through MAG torch at flow rate 20 l/min. Tilt 
angle of the arc welding torch was 45 degrees, torch travel angle 58 degrees, free wire length 15 mm and the beam 
angle from the flange was 15 degrees. The influence of beam lateral displacement along the web from the flange and 
effect of the filler wire feeding rate were studied. In all experiments, arc was leading the laser beam with process 
distance 3 mm. Welding speed 1.25 m/min, filler wire stick-out length 15 mm and focal point position -4 mm i.e. 4 
mm below the top surface were kept constant. Parameters used in each set of experiments are presented in Table 3.  
Table 3. Variables 
Variable 200 μm process fibre  300 μm process fibre 600 μm process fibre 
Laser power on workpiece (kW)  8 8 10 
Beam distance from flange (mm)  1.2, 1.5, 2.0  1.2; 1.5; 2.0 1.2; 1.5; 2.0 
Wire feed rate (m/min)  5.1 - 12.7  5.1 - 16.6  5.1 - 16.6 
 
3. Results and discussion 
3.1. Effect of the lateral position of the beam 
The aim of the experiments was to evaluate the capacities of each optical setup and investigate the tolerance limits 
of beam positioning relative to the joint interface. The dynamics of molten pool or keyhole behaviour were not in 
scope of current study. The welding speed 1.25 m/min and focal point position -4 mm were kept constant in all setups 
studied. The arc power setting was based on the given filler wire feed rate due to synergy setting used, thus, more arc 
energy was involved, thus at higher filler wire feed rates, the arc power, and subsequently its influence of the weld 
bead geometry, is increased. The preliminary experiments made to evaluate the laser power needed to reach full 
penetration using autogenous laser welding only showed that appropriate power levels are 8 kW for 200 μm and 300 
μm process fibres and 10 kW for 600 μm process fibre. The results are presented in Table 4. 
Table 4. Macrographs of T-joints with different filler wire addition rates 
Beam 
distance 
from flange 
(mm) 
Process fibre Ø = 200 μm  
PL = 8 kW 
vwire = 5.1 m/min 
Process fibre Ø = 300 μm  
PL = 8 kW 
vwire = 10.2 m/min 
Process fibre Ø = 600 μm  
PL = 10 kW 
vwire =  10.2 m/min 
1.2    
1.5 B   
2.0    *vwire= 10.2 m/min 
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First of all, the lower part of the weld shows that the width of the molten pool is correlated to the diameter of the 
incoming beam. However, the difference is relatively small when comparing the welds produced with 200 μm and 
300 μm fibres, but becomes obvious when 600 μm process fibre was used. In all of the setups tested it is seen that the 
axis of the weld is aligned along the direction of the beam propagation, meaning that if the beam is completely missing 
the back of the joint, as when positioning distance 1.2 mm was used, the molten pool is not penetrating through the 
whole plane. However, when keyhole is only slightly missing the end of the joint and the molten pool is wide enough 
to melt the edges, full penetration is possible, as tests made using offset 1.5 mm show. The melt pool of 200 μm setup 
is that narrow that the beam did not reach the back side of the joint plane. The weld made with 300 μm setup, being 
only marginally larger, reaches the root, and part of the melt was pushed through on the back of the weld, but spatter 
was generated during the welding and overall process stability was not uniform. On the other hand, the weld produced 
with 600 μm process fibre had uniform root side exceptional quality throughout the length of the weld, showing 
complete penetration and class B quality according to EN-ISO 139 19-1.  
Regarding the beam positioning distance 2 mm, full penetration was produced with all setups. It must be noted, that 
for the one experiment with 200 μm process fibre and 2.0 mm positioning the filler wire feeding rate was doubled, 
from 5.1 m/min to 10.2 m/min for the reason that the initial filler wire feeding rate 5.1 m/min was lacking the material 
to form acceptable weld bead. As soon as the beam axle crosses the joint plane at the root at sufficient laser power 
melting the edges of the plates, some of the melt is pushed through to the back of the weld. The largest distance from 
the joint, 2 mm, tested in scope of this study, produced full penetration in all setups used, however, the sufficient 
quality joint, having smooth bead surface and uniform root bead, was produced only with 600 μm process fibre. The 
two other setups (regardless of the filler material supplied), both of the welds had top surface bead defects and 
inconsistent root side quality. 
From the industrial point of view, the most versatile solution out of the three process fibres tested would be the 600 
μm fibre, as it produces wide melt pool at the root of the weld. Top beads of the welds were superior in quality 
compared to two other setups studied. The welds made with 200 μm and 300 μm process fibres were deep, yet 
extremely narrow at the deepest section of the weld which is created by the beam. In respect to the quality of the bead 
surface, these two setups produced welds, which, due to high beam intensity, had undercuts, regardless of the 
additional material supplied by the arc. As opposed to laser beam welding without filler wire, HLAW is more stable 
process that has greater gap bridging ability and also smaller probability for seam imperfections coming from joint fit-
up. The high beam density, which might be useful in increasing of the penetration in butt welds, is likely to cause 
inconsistency in welding of T-joints in many industrial applications due to more sensitive tolerance limits set by 
standards of pre-fabrication. 
 
3.2. Effect of the filler wire feeding rate  
Based on the results of the lateral beam positioning experiments, two values were chosen for further 
experimentation with filler wire feed rate. The 1.2 mm was picked for setups with 200 μm and 300 mμ process fibres 
and 1.5 mm for 600 μm process fibre. The setup with 600 μm process fibre was made with 2 kW higher laser power 
than used in other two setups. However, the results are comparable, because laser power levels were chosen based on 
producing full penetration in autogenous laser welding. The filler wire feed rates tested were 5.1-16.3 m/min, except 
in the case of 200 μm setup, where highest value was 12.7 m/min. During the experiments it became clear that full 
penetration is not possible, and growing weld throat would lead only to decrease in quality. Macrographs of cross-
sections are shown in Table 5.  
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Table 5. Macrographs of T-joints produced while varying the filler wire feed rate 
Wire feed rate 
(m/min) 
200 μm process fibre  
Beam positioning 1.2 mm 
PL = 8 kW 
300 μm process fibre 
Beam positioning 1.2 mm 
PL = 8 kW 
600 μm process fibre 
Beam positioning 1.5 mm 
PL = 10 kW 
5.1     
6.5    
7.6    
8.9    
10.2    
11.5    
12.7    
14.0 
- 
  
15.3 
- 
  
16.6 
- 
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Table 5 outlines the differences between setups. In autogenous laser welding, the ability to penetrate the material 
is correlated with brightness of the beam, however in HLAW such relationship is not as straightforward. The GMAW 
process of the hybrid welding is responsible for more than third of the penetration, and, fully affecting the formation 
of the weld bead. Part of the beam energy that could contribute to penetration is used for melting the extra material as 
filler wire feed rate increases. Fig. 2 gives an overview of three most critical dimensions of the welds displayed in 
Table 5.  
 
 
Fig. 2. (a) penetration depth; (b) length of effective throat; (c) height of the weld throat. 
Fig. 2 shows the dimensional differences of joints produced with each setup. The welds produced with 200 and 300 
μm setups have similar dimensional characteristics (see Fig. 2. a) and are prone to undercuts, especially when filler 
wire feed rate is less than 12.7 m/min. The setup with 600 μm process fibre did not produce undercuts throughout 
whole tested range. The depth of penetration was almost constant throughout the tested range, as opposed to two other 
setups. 
The length of effective throat, e.g. the shortest distance between the root of the weld and the top of the bead, is 
shown in Fig 2. b. All setups are capable to produce effective throats that exceed at least 80% of the material thickness 
(8 mm). The height of the weld throat (see Fig. 2. c) is growing in accordance of filler wire addition and continues to 
increase after full penetration is reached and part of the melt is pushed to the root side of the weld. Increasing filler 
wire feed rate does not contribute to quality improvement, and should only be applied in cases where additional heat 
is needed to control the hardness. 
4. Conclusions 
Following conclusions can be drawn: 
 
1) Current trend, the brighter the beam the better, does not deliver good quality in some of the welding cases, 
such as the high power laser and HLAW of T-joints. According to data gathered in this study, and quality of 
the top bead and the root being equally important, the 600 μm fibre setup produced slightly wider root and 
smooth junctions of the top bead with the base material.  
2) There should be a certain balance of laser power, welding speed and filler wire feed rate (which was 
constant during these experiments). In this study, 10 kW laser power was used only with 600 μm fibre to 
produce the full penetration. Using same power without increasing the speed with other setups is likely to 
result in melt run out and hardness above 400 HV, thus unacceptable quality.  
3) The best results regarding the quality of the joint were produced with 600 μm process fibre set up. The welds 
had wide root, which is crucial to achieving fusion at the back of the weld. Therefore, for avoid the problems 
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with the beam positioning, using high laser powers delivered through the 600 μm process fibre widens the 
process window for acceptable quality. 
4) HLAW is a complex process and further studies are needed, for example through monitoring of the welding 
process with high speed camera in situ, and, also, simulations to get better understanding of melt flow and 
process physics involved in keyhole behaviour. 
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